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One challenge for polymer electrolyte membrane fuel cells (PEMFCs) for electric vehicles is to ensure 
cold start capability and longevity under freeze-thaw (F/T) cycling. Today, PEMFCs undergo dry gas 
purging to remove residual water before a cold shut-down to avoid degradation due to icing. This 
study investigates an alternative procedure with alcohol-water solution as antifreeze. In order to 
demonstrate the suitability of methanol as antifreeze, F/T cycling tests using methanol have been 
compared with conventional dry gas purging of the cell before F/T cycling. The results show that 
performance degradation upon F/T cycling is mitigated when flooding the cell with the antifreeze 
prior to F/T cycling. Specifically, performance losses are observed at high current densities only and 
the peak performance of the cell does not decrease. Moreover, cold start procedures are examined 
to allow a start-up of the cell after being soaked with the antifreeze. In this context it is found that 
PEMFC operation is possible at sub-zero temperature if residual methanol is in the cell. However, 
residual methanol decreases power density during cold start. Hence, methanol needs to be removed 
from the cell by reaction or by prolonged water purging to reach nominal power. 




One of the most serious issues of the modern society is the increasing world energy demand which is 
mainly based on depletable fossil fuels such as oil, coal and gas. Burning of these fossil fuels leads to 
global warming and pollution caused greenhouse gas (GHG) emissions. Therefore, solutions to 
reduce GHG emissions are urgently needed. An obvious approach is using renewable energies such 
as wind or solar. These renewables, however, are intermittent and therefore require a storage 




water electrolyzer which converts the electrical energy into chemically stored energy in form of 
hydrogen. The stored hydrogen can be used as fuel for fuel cells that convert hydrogen and oxygen 
(from ambient air) to electricity with water being the only exhaust product. In this context fuel cells 
are considered as a promising solution to replace internal combustions engines in vehicles in near 
future and contribute to reduction of GHG emissions. However, polymer electrolyte membrane fuel 
cells (PEMFCs) for automotive applications have to meet challenging cost, performance, and 
durability targets to be competitive.  
One of the key requirements for fuel cell electric vehicles (FCEVs) is longevity with a targeted lifetime 
of the fuel cell of 5000 - 6000 h. This lifetime needs to be assured considering not only PEMFC 
operation, but also various critical events such as start-stop [1] and freeze-thaw (F/T) cycling that 
regularly occur during a life of a FCEV. Specifically, a cold start capability at -30°C is required [2].  
Although PEMFCs seem to be one of the most promising alternatives to internal combustion engines 
for transportation purpose, there are still challenges that should be solved. One of them is the proper 
control of the water management assuring the minimum amount of water that is needed to maintain 
proton conductivity of the ionomer and membrane [3] and, in parallel, removing excess water from 
the porous media to avoid gas starvation by flooding [4,5]. When exposing the cell to temperatures < 
0°C, the water in the cell will freeze leading to ice formation in the membrane electrode assembly 
(MEA) components inducing premature degradation of the cell components. The degradation of the 
gas diffusion layer (GDL) structure upon freezing was studied in the works by Lee et al. [6] and Table 
et al. [7] and considered in the review article by Park et al. [8]. Regarding operation strategy, cold 
start can be realized by maximizing heat dissipation to minimize operation time at sub-zero 
temperatures [9]. In parallel, solutions on the material level are proposed, e.g. in order to improve 
the cold start capability some authors developed modifications in the MPL as proposed by Ko et al. 
[10] showing that additional pore volume for ice storage and using ionomer as MPL binder instead of 
PTFE are beneficial for a successful cold start. Some works [11] explore the cathode CL parameters 




fraction and lower weight ratio of Pt to carbon support were beneficial for improving cold start 
capability. The majority of works [13,14] have shown that the mainstream of the residual water was 
located in the GDL and gas channel, not on the CL. According to simulations on water freezing during 
cold start published by Huo et al. [15] water preferably freezes at the interface between the catalyst 
layer and the micro porous layer. Moreover, not only MEA materials affect cold start capability of the 
PEMFC, but also the used flow field design (e.g. channel flow field versus porous mesh) [16].  
Since freezing water in the cell cause damage to the MEA components, it is clear that minimizing the 
amount of liquid water before bringing the cell to T < 0°C is a key requirement to a successful cold 
start [17,18]. Hence, cold start behavior of PEMFC is investigated by modelling as well as by 
experiments [19]. Numerous groups, such as Lee et al. [20], Tajiri et al. [21], Sinha et al. [22] or Kim et 
al. [23] investigated gas purge drying approaches to get rid of residual water from the cell. For 
instance, to improve the dry gas method Kim et al. [23] supplied small amount of hydrogen directly 
to the cathode. The so produced heat allowed greatly increasing the amount of residual water 
evaporation in the CL and GDL. Other alternatives to dry gas purging are drying by pressure reduction 
(or vacuum assisted drying) [24,25] or using antifreeze which prevents freezing of water inside the 
cell [26,27]. Potential antifreezes are alcohol water-solutions such as investigated by Cho et al. [27] 
or Corti et al. [28]. According to Cho et al. [27] methanol and ethylene glycol are promising due to 
minimum swelling of the perfluorosulfonic acid (PFSA) membrane which reduces mechanical stress. 
Using the antifreezes no performance degradation was detected after 15 F/T cycles, while 2.8% 
voltage loss/cycle was measured without the antifreeze; however, these results evaluate cell 
behavior at OCV and 600 mV only.   
As turned out in this study, icing inside the cell repeatedly occurring upon F/T cycling has strongest 
impact on the mass transport region of the performance curve; i.e. investigations in high current 
density range are of particular interest. A major point that needs still to be clarified is the cold start 
capability of the cell by using the antifreeze, which could not be solved yet and which is of great 




Once the antifreeze concept can be established it would provide several advantages over 
conventional pre-conditioning of the cell (purging with dry gases) before storage of the PEMFC at 
sub-zero temperature. In case of dry gas purging the purge time can take several minutes while filling 
of the cell with the antifreeze takes only seconds. Additionally, the power demand of balance of 
plant will also be unchanged compared to conventional systems, as no additional heater components 
are needed. Moreover, degradation of the MEA upon freeze-thaw is mitigated by the antifreeze 
which has a positive effect on the durability (and consequently cost) of the entire PEMFC stack.  
 
2. EXPERIMENTAL  
2.1 Test stand and equipment 
The single cell test stand used in this study was developed in-house at the department of 
Electrochemical Energy Technology at the German Aerospace Center (DLR). The test bench was 
equipped with programmable logic controllers and commercial electronic loads. The gas mass flow 
rates were regulated at the cell inlets whereas the pressure was controlled at the cell outlets. For the 
humidification of the gases water evaporators from Bronkhorst High-Tech B.V. were used.  The feed 
lines of the gases were kept at temperatures 5 K above cell temperature in order to avoid water 
condensation. Freeze-thaw cycling experiments were performed using a programmable Huber 
cooling circulator Ministat 230 which uses a silicon oil as coolant and was connected by thermally 
insulated tubing with the test cell.  
The test stand was extended by a dedicated antifreeze filling system. The antifreeze (methanol-water 
solution with 40 vol% methanol content) was filled into the cell and removed from the cell by purging 
with dry N2. Optionally, the cell can be flushed with DI-water to remove residual methanol solution.  
The test cell was a qCF Liquid Cooling from Baltic FuelCells with graphitic plates with a 5-channel 




was conducted using a PP241 potentiostat of a ZAHNER ZENNIUM electrochemical workstation with 
THALES software. 
2.2 Tested MEAs 
Test object were commercial 7-layer MEAs with 5x5 cm2 active area from EWII Fuel Cells A/S 
(purchase date: September 2017). The MEAs are composed of a PFSA membranes and Pt/C catalyst 
at anode and cathode. Additionally, identical MEAs, but with a PtRu/C anode were made by EWII Fuel 
Cells A/S following DLR’s design suggestion for specific tests. If not indicated explicitly, then the Pt/Pt 
(anode/cathode) MEAs are used as standard test objects in this paper. The anode and cathode Pt 
loading was estimated from CV measurements to be 0.1 and 0.25 mgPtcm
-2, respectively.   
2.3 Nominal cell operation conditions 
The cells were operated using H2 (5.0 purity) and air (filtered and pressurized ambient air) with 
stoichiometries of 1.3 and 1.5 (minimum gas flows corresponding to a current density of 0.2 Acm-2). 
Cell temperature was kept at 80°C and the relative humidities of H2 and air were set to 100%. The 
respective anode and cathode absolute gas pressure was 2500 and 2300 mbar.  
The breaking-in of the MEA consisted of 1.5 h operation at nominal conditions at 1 Acm-2, followed 
by a shut-down (stop operation, cool down to ambient temperature for 1 h, see [29]) and 
subsequent operation at nominal conditions at 1 Acm-2 for 2 h. After this procedure the change of 
cell voltage at 1 Acm-2 was estimated to be below 5 mV/h.    
2.4 Electrochemical characterization 
In the frame of electrochemical characterization as a first step a performance curve was recorded, 
followed by EIS measurements and eventually followed by CV of the anode and cathode: 
 The performance curves were measured starting at 0 Acm-2 and increasing the current 




 The impedance spectra were measured in the frequency range 100 mHz to 10 kHz directly 
after acquiring the performance characteristics. The load was set to 1 A cm-2 and the 
perturbation amplitude was 0.02 Acm-2.  
 Cyclic voltammetry (CV) measurements were performed in the range 0.1–1.2 V with a sweep 
rate of 50 mV s-1. The counter and working electrodes were fed with 100 ml min-1 H2 and 200 
ml min-1 N2, respectively, at 100% RH and 1 bar absolute pressure. The cell temperature was 
held at 80°C. The electrochemical active surface area (ECSA) was calculated from the H2 
desorption signals in the range of 100–400 mV using 0.21 mC cm-2 [31] as the charge to 
oxidize one monolayer of hydrogen adsorbed on Pt. 
3. RESULTS AND DISCUSSION  
In the following the results of the prior described experiments will be discussed starting with (i) the 
investigation of the compatibility of a methanol-water solution with the MEA materials, (ii) the 
freeze-thaw cycling, and (iii) the possible cold start procedures. 
3.1 Material compatibility with antifreeze 
Prior performing antifreeze tests MEAs were electrochemically characterized at nominal conditions. 
After this the system was shut down to allow the cell to cool down to +20°C followed by purging the 
anode and cathode compartments with dry N2 at a flow rate of 500 ml min
-1 for 5 min to remove 
residual H2 and air. Hereafter the anode and cathode compartments were flooded with the methanol 
solution. The methanol solution was kept inside the cell for 112 h, after which it was removed by 
purging the cell with N2 for 5 minutes and DI water for 5-10 min. The nitrogen purging procedure was 
then repeated a second time to ensure the complete removal of the methanol solution.  
In order to compare MEA performance before and after soaking the PEMFC was operated and 




The comparison of the data collected prior and after methanol soaking reveals that the methanol 
solution does not induce any performance losses. The performance curve at begin-of-test (BoT), i.e. 
of the pristine MEA, and after soaking in methanol is depicted in Figure 1 (A). An interesting 
observation here is that the performance after methanol soaking is slightly higher than at BoT. This 
however may be a result of the increased humidification of the ionomer introduced by the methanol-
water solution. This can be seen from the substantial reduction of the impedance (compare Figure 4 
(A)) or alternatively also a reduction of Pt oxides by the alcohol is possible. In other words, the lower 
performance at BoT compared to the performance after soaking in the antifreeze may be due to an 
incomplete breaking-in procedure.   
 
Figure 1: (A) Performance curves of a fresh MEA and a MEA after 112 h soaking in antifreeze at 20°C. (B) CV measurement 
of anode after 112 soaking in antifreeze at 20°C. (C) Comparison of anode ECSA of pristine MEA, of an MEA after 112 h 
soaking in antifreeze and the same MEA after potential cycling up to 1.2 V to remove contaminants.  
 
After measuring the performance, CVs of the anode and cathode were recorded. In Figure 1 (B) the 
CV measurement of the anode is shown. It consists of several subsequent cycles, chronology 
indicated by the black arrows. The peak around 0.6 V which is observed in the first cycle decreases 
upon cycling; it is assigned to the desorption of CO reactively produced due to methanol 
decomposition on the Pt catalyst [32,33]. While CO (which occupies Pt sites needed for H2 




The shift of the CV to positive currents is due to H2 cross-over current which is estimated to be 
around 8 mA cm-2 (@400 mV). This value is high compared to literature values of around 1 - 2 mA cm-
2, see Ruiu et al. [35]. However, the MEA used in this paper has a particularly thin membrane as 
shown in the supporting information. The tilt of the CV is due to slight short circuit of the MEA; i.e. 
the membrane does not act as a perfect electrical insulator. The resistance of the short circuit 
corresponds to 59 Ωcm2. This value was determined from the slope of the CV’s centerline according 
to Stack-Test Test Module P-10a [36]. 
In order to quantify the effect of methanol on the anode catalyst the ECSAs of the (i) pristine anode, 
(ii) the anode after soaking in methanol, (iii) and after subsequent CO stripping were calculated from 
the H2 desorption signal of CV measurements. The results are depicted in in Figure 1 (C). Accordingly, 
the anodic ECSA loss due to soaking in methanol is 12% which is fully recoverable upon potential 
cycling at the anode. Since no performance decay was observed due to soaking the MEA in 40 vol% 
methanol solution, the 12% ECSA loss at the anode is considered as negligible. This outcome is in 
accordance with previous works where the impact of anode ECSA (or Pt loading) on performance has 
been found to be only minor [37].   
The cathode experiences potentials are substantially higher than 0.6 V during PEMFC operation, 
hence CO poisoning is not an issue at the cathode.    
Regarding membrane or ionomer dissolution, a 40 vol% methanol concentration is not expected to 
be an issue as long as cell temperature is below 80°C [38]. 
3.2 Freeze thaw cycling 
To investigate the effect of the 40 vol% methanol solution (called antifreeze in the following) on F/T 
cycling and assess its effectiveness as antifreeze for PEMFC in comparison with other conditioning 
procedures, the following shut-down protocols presented in Figure 2 (A), (B) and (C) have been 




 No conditioning: the test described in Figure 2 (A) is aimed to measure the performance 
degradation upon F/T cycling if no conditioning procedure (no dry gas purge and no 
antifreeze) is applied to the cell. This means that the PEMFC operation was stopped and F/T 
cycling was immediately started without purging the cell with dry gases. After certain 
number of F/T cycles (indicated in the figure), PEMFC operation was started again at nominal 
conditions to test the performance and for electrochemical characterization. For this test the 
maximum cycling number was set to be 83 which is defined as end-of-test (EoT). 
 Dry gas purging: the test outlined in Figure 2(B) is intended to evaluate the impact of F/T 
cycling on MEA performance when the cell was purged with dry gas prior to freezing. After 
PEMFC operation and electrochemical characterization, the cell was stopped, cooled down to 
+40°C following a purging of the anode and cathode compartments for 5 min with 500 ml 
min-1 dry N2 and 1000 ml min
-1 dry N2, respectively. After this conditioning procedure F/T 
cycling was initiated. The cycling was interrupted after a certain number of F/T cycles 
(indicated in the figure) to test cell performance and for electrochemical characterization at 
80°C. Then, the conditioning procedure was applied again and F/T cycling was continued. For 
this test the maximum cycling number was set to be 80. 
 Antifreeze: the test outlined in Figure 2 (C) was dedicated to perform F/T cycling using the 
antifreeze. The procedure consisted of: (i) stopping cell operation, (ii) cooling down the cell 
to +20°C and purging anode and cathode for 5 min with 500 ml min-1 dry N2, and (iii) filling 
anode and cathode compartments with the antifreeze. After this conditoning protocol the  
F/T cycling was initiated. For performance testing and electrochamical characterization the 
F/T cycling was interrupted. For that the cell was heated to +20°C and the antifreeze was 
removed by N2 purging, flushing by DI water (5-10 min) and a subsequnet purging by dry N2 
for 5 min with 500 ml min-1. The maximum cycling number for this test was set to be 87. It is 
noted that this test was repeated (94 cycles) by using +3°C instead of +20°C as maximum 




mechanical stress of the MEA by swelling in the antifreeze, which is less severe at lower 
temperatures [38].   
 
Figure 2: Different protocols applied prior to F/T cycling. (A) The cell was shut down after PEMFC operation at 100% 
without a conditioning procedure prior to F/T cycling. (B) The cell was purged with dry N2 prior to F/T cycling. (C) The cell 
was flooded with 40 vol% MeOH solution prior to F/T cycling. (D) Cell temperature measured during F/T cycling. 
 
Performance characteristics of the MEAs subject to the three different F/T cycling tests are depicted 
in Figure 3 (A), (B), and (C) after the indicated number of cycles. Since the F/T cycling tests were 




individual experiments. Performing F/T cycling without a conditioning procedure leads to strong 
performance losses at current densities >0.6 A cm-2 as observed in Figure 3 (A). The low current 
density range is only slightly affected by F/T cycling (see insets of Figure 3) in accordance with Lee et 
al. [6] and Cho et al. [27]. After 41 cycles the losses at high current densities are already substantial 
while after 83 cycles a current density of 1.8 A cm-2 could not be reached anymore due to low cell 
voltage. Similarly, severe performance losses are observed at high current densities in case of dry gas 
purging prior to F/T cycling shown in Figure 3 (B). The absolute losses, however, are slightly reduced 
if dry gas purging is used. Moreover, no losses are observed at low current densities (see insets of 
Figure 3). This is consistent with literature [6] and is expected since there is less ice formation if the 
cell is dried before cooling to T < 0°C. In summary, since high performance losses are observed at 
high current densities and low performance losses are observed at low current densities, the data 
clearly suggests that ice formation mainly affects the mass transport properties of the MEA.  
These observations are in contrast to the results of F/T cycling using antifreeze in Figure 3 (C); i.e. 
when using antifreeze the performance losses are virtually eliminated up to a current density of 1.4 A 
cm-2 and the losses at higher current densities are strongly reduced. This result is confirmed by the 
second F/T cycling experiment with the antifreeze using +3°C (instead of +20°C) as maximum 
temperature during F/T cycling (see Figure 1S of the supporting information).  
The degradation observed in these three tests was quantified by calculating the relative performance 
losses between BoT and EoT shown in Figure 3 (D). It is noted that that data of the second F/T cycling 
experiment with the antifreeze using +3°C (instead of +20°C) as maximum temperature during F/T 
cycling is included for the sake of completeness. For current densities < 0.6 A cm-2 the degradation is 
nearly negligible for all tests. However, if no conditioning is applied or dry gas purging is used as 
conditioning procedure the performance losses Δp/p increase with increasing current density j 
following a parabolic function Δp/p ∝   j2 (see dashed and dotted curve in Figure 3 (D)). Thereby, dry 
gas purging has a slight positive effect on mitigation of performance losses. However, it is 




antifreeze clearly show that no performance decay occurs up to 1.4 Acm-2 for cycling in the 
temperature range -10 to +20°C or even up to 1.6 Acm-2 if the maximum cycling temperature is 
reduced from +20°C to +3°C. The data again demonstrate the great advantage of using the antifreeze 
which fully mitigates performance losses for current densities up to 1.4 Acm-2 at which the peak 
performance is observed. At current densities >1.4 Acm-2 the performance losses increase but are 
still only half of those without conditioning and with dry gas purging.  
According to Cho et al. [27] without methanol as antifreeze a degradation rate of 2.8% per cycle was 
measured at 600 mV during F/T cycling (15 cycles in total) which is substantially higher than the 
corresponding values in our study (the observed losses in Figure 3 (D) correspond to <0.2%/cycle at 
1.2 Acm-2). This is likely due to other materials used with different sensitivities to freezing. When 
using methanol as antifreeze no degradation was detected at 600 mV by the authors being in line 
with our results.   
In other words, if no antifreeze is used and the degradation rate equals roughly 0.25%/cycle at peak 
performance (1.4 Acm-2). Accordingly, the end-of-life criterion for PEMFC with a performance loss of 
10% is reached already after 40 cycles. This underlines the importance of the antifreeze allowing to 






Figure 3: Performance curves measured after the indicated number of F/T cycles. (A) The cell was shut down after PEMFC 
operation at 100% without a conditioning procedure prior to F/T cycling. (B) The cell was purged with dry N2 prior to F/T 
cycling. (C) The cell was flooded with 40 vol% MeOH-water-solution prior to F/T cycling using +20°C as maximum 
temperature. The insets are enlargements of the OCV regions. (D) Relative performance losses of the different F/T cycling 
tests. In addition the result of the F/T cycling using antifreeze and a reduced temperature range (-10°C to +3°C) is shown. 
The dashed and dotted curves are parabolic fits for current densities j > 0.4 Acm
-2
 as indicated in the figure. 
 
3.3 Degradation analysis  
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) were used as 
electrochemical characterization methods in order to deepen the understanding of the degradation 
processes occurring during the F/T cycling tests. Additionally scanning electron microscopy was used 




3.3.1 Electrochemical Impedance Spectroscopy  
EIS spectra of a pristine MEA as well as MEAs after F/T cycling without conditioning, with dry gas 
purging and with using the antifreeze are depicted in Figure 4 (A). For a better clarity of presentation 
a bar graph showing the low frequency (LFR) and high frequency resistance (HFR) defined as the 
corresponding intercepts of the EIS spectrum with the real axis is provided as an inset.  The results 
clearly show increased total impedance (LFR) after F/T cycling without conditioning compared to the 
pristine MEA. Thereby, both arcs of the spectrum increase which can be assigned (based on the 
frequencies indicated in the figure for the F/T cycling tests without conditioning) to an increase of 
both the charge transfer as a minor effect and mass transport resistances as the major effect [39]. 
Hence, the results are in agreement with the observed performance losses at high current densities 
in Figure 3. Reasons for the increased impedance can be damage of the catalyst layer or GDL due to 
freezing of captured water [6]. The high frequency intercept (HFR) of the EIS spectra revels that no 
changes of the ohmic resistance are observed in all the studied cases. 
The EIS spectrum after using dry gas purging exhibits only minor changes compared to the pristine 
one; in particular, not increase of LFR and HFR is observed, which underlines the positive effect of 
water removal before freezing. 
On the other hand, the spectrum after F/T cycling using the antifreeze shows a reduction of the total 
impedance (LFR) compared to the pristine MEA. This applies to both arcs, i.e. the mass transport and 
the charge transfer resistances are affected. A possible reason for this counterintuitive observation 
could the improved hydration of the ionomer due to soaking in the methanol-water solution leading 
to higher ionic conductivity or due to reduction of residual Pt oxides. This hypothesis is supported by 
the EIS spectrum of a pristine MEA after soaking in DI-water without methanol (grey triangles) which 
also exhibits a substantially reduced impedance compared to the pristine one (black squares). 
Moreover, the performance curve of the MEA after soaking in the antifreeze also exhibits slightly 





Figure 4: (A) Nyquist presentation of EIS spectra of a pristine MEA and MEAs after F/T cycling with and without antifreeze 
as well as after dry gas purging measured at 1 Acm
-2
. For comparison a spectrum of a MEA after soaking in pure water is 
shown. The inset shows the high frequency (HFR) and low frequency resistance (LFR) defined as the intercepts of the EIS 
spectra with the real axis. The frequencies indicated by the arrows in the EIS spectrum after F/T cycling without 
conditioning (red bullets) are to support assignment of the observed features. (B) Anode and cathode ECSA of a pristine 
MEA and ECSA measured of MEAs after F/T cycling with and without antifreeze determined from the H2 desorption peak 
area of CV measurements performed at EoT (i.e. after 83 and 87 cycles, respectively).  
 
3.3.2 Cyclic Voltammetry 
The impact of F/T cycling on the electrodes was evaluate by calculating the ECSAs from the CV 
measurements of the pristine MEA (after breaking-in and characterization) as well as after F/T cycling 
without conditioning and with using the antifreeze. The calculated anode and cathode ECSAs are 
compared in Figure 4 (B). A slight decrease of anode ECSA is observed which, however, is not 




On the cathode side an ECSA loss of 13% is determined after F/T cycling without conditioning which 
is significant compared to the minor loss of ~1% after F/T cycling using the antifreeze. Therefore, the 
antifreeze seems to mitigate cathodic ECSA loss. Without the antifreeze the cathodic ECSA loss is 
proposed to be caused by formation of ice precipitates between the catalyst and the ionomer 
[40,41]. This slight cathodic ECSA loss may be responsible for the minor performance loss observed in 
Figure 3 (A) in the activation current density range of the performance curves.     
3.3.3 Electron Microscopy 
After the cycling tests, the MEAs were disassembled the electrodes were analyzed by SEM. After 
removing the GDL from the CL, the CL areas positioned under the land of the flow filed were covered 
by MPL residues. Therefore, only electrode areas located under the channels were analyzed; these 
areas are more prone to degradation during F/T cycling than areas under the land where removal of 
the water is more effective [7,42]. SEM images of the MEA cross-sections (see Figure 2S of the 
supporting information) do not indicate delamination of the CL from the membrane that was 
reported in literature [42,43]. The electrode surfaces (see Figure 3S in the supporting information), 
on the other hand, exhibit cracks in the range of tens of microns which density depend on the 
applied testing protocol. The crack density was manually quantified for a pristine MEA (after 
breaking-in) and for MEAs after F/T cycling without conditioning and with using the antifreeze as 
shown in Figure 5 (A). Additionally, a MEA after F/T cycling using antifreeze, but with reduced 
maximum cycling temperature (+3°C instead of 20°C) was investigated.  Apparently, crack density is 
highest if the antifreeze is used in combination with cycling up to +20°C, likely due mechanical stress 
caused by swelling [38]. Reducing maximum cycling temperature to +3°C leads to substantial 
reduction of crack density supporting the idea of reduction of mechanical stress by reducing cycling 
temperature. Since using the antifreeze has positive effect on MEA durability during F/T cycling, the 
increased crack density at the electrodes after these tests do not seem to be detrimental which is 
consistent with a study by Guo and Qi [44] who also observed electrode cracking and related ECSA 




It has to be mentioned that in case of the MEA that was cycled up to +20°C using the antifreeze a 
failure suddenly occurred after the EoT characterization. This failure happened once and could not be 
repeated in a second test (reduced upper cycling temperature). Nevertheless, since this failure is 
critical, it is needs to be described here for sake of completeness. Specifically, a serious decrease of 
cell performance was observed associated with a strong increase of H2 cross over current density to 
~0.1 Acm-2 which is 10x higher than the value of a pristine MEA. According to the IR thermography 
image of this MEA shown in Figure 5 (B), which was performed after disassembling the PEMFC cell 
and installing the MEA in a dedicated test cell (one side of the MEA was exposed to H2 and the other 
to ambient air while the temperature distribution was monitored using a Seek Thermal compact 
infrared camera) there is a local hot spot close the corner of the active area. Evidently, the MEA 
exhibits a local membrane defect (pinhole or crack). Since chemical membrane degradation can be 
ruled out, mechanical stress seems to be the most likely explanation of this failure. It is noted that in 
the separate F/T cycling test with the antifreeze and maximum cycling temperature reduced to +3°C 
(i.e. with less swelling), this phenomenon could not be reproduced. However, the lack of such a 
sudden error cannot be taken as evidence that this approach is sufficient to mitigate membrane 
failure due to mechanical stress. Nevertheless, when exposing the cell to the antifreeze limiting 
mechanical stress by limiting the maximum cell temperature to +3°C has an unambiguously positive 






Figure 5: (A) Crack density of the cathode of a pristine MEA as well as MEAs after F/T cycling. “no conditioning” means  
with PEMFC operation has been stopped without any conditioning prior to F/T cycling. “antifreeze (20°C)” means the cell 
was flooded with the antifreeze during standard F/T cycling (from -10°C to +20°C). “antifreeze (3°C)” means the cell was 
flooded with the antifreeze during F/T cycling, but the maximum cycling temperature was reduced to +3°C.  (B) IR 
thermography image of the MEA after 87 F/T cycles (from -10°C to +20°C) with the antifreeze. The solid and the dashed 
squared indicate the analyzed area (40x40 mm
2




3.4 Cold start 
After proving the methanol-water solutions as suitable antifreeze, different cold start strategies have 
been explored in order to evaluate whether a cold start is possible when using the antifreeze. In 
particular, the following three approaches have been pursued: (i) cold start in DMFC mode, (ii) cold 
start in PEMFC mode using antifreeze, and (iii) Cold start in PEMFC mode with dry gas conditioning as 





Figure 6: Different tested cold shut down and start up protocols. (A) Start up at -10°C in DMFC mode (antifreeze at anode 
and air at cathode). (B) Start up at -10°C in PEMFC mode (H2 at anode and air at cathode) after soaking the cell in 
antifreeze. (C) Start up at -10°C in PEMFC mode without prior soaking the cell in antifreeze.   
 
3.4.1 Cold start in DMFC mode 
 
Since methanol is available in the cell, one option to perform a cold start is using the methanol to 
operate the cell in direct methanol fuel cell (DMFC) mode, i.e. using methanol as a fuel. It is noted 
that this test was performed using a standard Pt/Pt MEA as well as a PtRu/Pt MEA. Since methanol is 
converted to strongly adsorbed CO on a Pt anode and acts as catalyst poison, the PtRu anode was 
chosen as an alternative to allow the formation of desorbing CO2 as final reaction product of the 
methanol oxidation [45]. After PEMFC operation in nominal conditions, the cell was stopped and 
anode and cathode compartments were purged with dry N2 before filling them by the antifreeze at 
+3°C as already described in the context of Figure 2. Subsequently, the cell was cooled down to -
10°C. After removing the antifreeze from the cathode compartment by N2 purging at -10°C, an air 




+10°C while monitoring OCV (to determine the maximum cell potential) and applying 100 mV load in 
potentiostatic mode.  
The temperature, voltage and current profiles of the three cold start procedures are plotted in Figure 
7. During the cold start in DMFC mode using the PtRu/Pt MEA (Figure 7 (A)) a low OCV of 210 mV was 
monitored at -10°C (using Pt/Pt MEA OCV was only 130 mV) which increased only slightly with 
increasing cell temperature to +20°C. The current measured after regularly applying a voltage of 100 
mV was negligibly low with values < 0.1 A (< 4 mA cm-2). To test if additional removal of residual 
antifreeze from the cathode can increase cell performance the cathode was flushed with DI-water at 
t = 70 - 80 min as indicated in the figure. However, no substantial increase of OCV and current at 100 
mV was observed (see test time >90 min). The low OCV and negligible current at 100 mV in DMFC 
mode are explained by the fact that the event though PtRu was used at the anode, the MEA is 
designed for H2/air operation. This means, it has a low anodic Pt loading around 0.1 mgPtcm
-2 and a 
thin membrane with a thickness of <20 μm (determined by SEM). Typical DMFC MEAs [46,47], on the 
other hand, have substantially higher anode loading (e.g. 4 mgPGMcm
-2) to handle to poor methanol 
oxidation kinetics and much thicker membranes (e.g. 180 μm) to mitigate methanol cross over. In 
other words, the used MEA exhibited substantial activation losses regarding methanol oxidation and 
dramatic methanol cross over from the anode to the cathode resulting in mixed potential which 
additionally lowers cell voltage and does not allow DMFC operation [48,49]. Hence, the strategy to 





Figure 7: Voltage, current and cell temperature versus operation time during cold start. (A) Cold start in DMFC mode. The 
cell voltage at 200-300 mV corresponds to OCV. Voltage has been set regularly to 100 mV to monitor current production. 
(B) Cold start in PEMFC mode after soaking the cell (PtRu/Pt MEA) in antifreeze. Cell voltage was set to 600 mV. (C) Cold 
start in PEMFC mode without soaking the cell in antifreeze. Cell voltage was set to 600 mV. The corresponding test 





3.4.2 Cold start in PEMFC mode using antifreeze  
Before performing cold start in PEMFC using the antifreeze, (i) the PEMFC operation was stopped, (ii) 
the anode and cathode compartments were purged by N2, and (iii) the cell was filled with the 
antifreeze at +3°C, before cooling down to -10°C. As next step, the antifreeze was removed from the 
anode and cathode by N2 purging, before feeding them with 226 ml/min dry H2 and 624 ml/min dry 
air, respectively. The temperature was continuously increased up to +20°C using the external 
thermostat while monitoring OCV and applying 600 mV load in potentiostatic mode.  
The cold start in PEMFC mode after using the antifreeze is shown in Figure 7 (B). At -10°C a OCV of 
715 mV was measured. When applying a load of 600 mV a current of approximately 1 A (40 mA cm-2) 
is recorded which is an order of magnitude higher than the one measured during DMFC cold start. A 
slight increase of performance is observed until reaching 0°C and ongoing after heating to +20°C 
likely due to increased reaction kinetics. Noteworthy, there is no drop in the current value below 0°C 
indicative for blockage of gas supply by ice formation, which shows that the methanol content is 
sufficient to avoid ice formation until 0°C is reached. To achieve a substantial increase of 
performance (increasing current from 1 A to 3 A at 600 mV cell voltage) it is necessary to flush the 
cell with DI-water (see voltage fluctuation indicated in the figure at around t = 60 min) to further 
remove residual methanol which lowers cell voltage by causing mixed potentials at the cathode.  
The current of 3 A at 600 mV measured at the end of the test in Figure 7 (B) is comparable with the 
current measured after cold start without prior flooding the cell with the antifreeze as shown in 
Figure 7 (C).  
 
3.4.3 Cold start in PEMFC mode with dry gas conditioning  
Before cooling the cell to -10°C, anode and cathode compartments were purged by dry N2 at +40°C as 




226 ml/min dry H2 and 624 ml/min dry air, respectively. The cell temperature was continuously 
increased up to +20°C while monitoring OCV and applying 600 mV load in potentiostatic mode. 
After starting the cell at -10°C without prior soaking in the antifreeze in Figure 7 (C), a strong current 
peak (9.5 A at 600 mV) is observed in Figure 7 (C) which, however, rapidly drops to 3 A followed by a 
continuous decrease to values << 1A. The decrease of the current continues until cell temperature 
exceeds 0°C. Consequently, the current decrease at T < 0°C is due to icing of the cathode that 
extends with time due to produced water during the operation and leads to blockage of gas supply 
[14]. After cell temperature exceeds 0°C, a strong increase of the current up to 2 A occurs; at 20 - 25 
°C the current equals 3 - 3.5 A. Up to 50°C the current remains below 7 A independent of 
humidification and gas pressure; in the temperature window 50 – 60°C the cell performance 
suddenly increases to 25 A (1 A cm-2) at 600 mV which is close to maximum performance (see Figure 
4S in the supporting information).  
Even though the current measured in PEMFC at 600 mV cell voltage at T > 0°C is higher if the 
antifreeze is not used, at temperatures T < 0°C continues PEMFC operation is not possible without 
residual methanol (due to using antifreeze) inside the cell that prevents icing.  
It is noted that the much longer time to reach +20°C in Figure 7 (B) compared to Figure 7 (C) is due to 
a lower heating power of the potentiostat used in Figure 7 (B) which was first set to +10°C and then 
to +20°C in a next step; in Figure 7 (C) the target temperature was set to +20°C from the beginning.   
 
3.4.4 Assessment of cold start using antifreeze 
Generally, in an automotive stack the successful cold start can be realized if heating above 0°C occurs 
faster than the icing of the product water [50]. This depends on cell performance during cold start (it 
is noted that heat dissipation due to direct oxidation of residual methanol could not be evidenced as 
shown in Figure 5S in the supporting information). Hence, whether the cell performance measured in 




to be tested at the stack level. Moreover, if a successful cold start is possible, it is expected that 
residual methanol is removed from the cell due to evaporation at higher temperature and by drag 
with product water. Accordingly, the studied antifreeze would be considered as suitable not only to 
prevent degradation during F/T cycling but also suitable to perform a cold start.        
The presented results have been performed in a single cell which areal mass density (~several tens g 
cm-2) is significantly higher than the areal mass density of a stack (~1 g cm-2); i.e. the cooling capacity 
of the single cell is at least one order of magnitude higher than the cooling capacity of the stack. 
Hence a realistic cold start cannot be studied in the single cell.  
However, the starting values with the antifreeze are around 40 mA cm-2 in single cell (see Figure 7 
(B)). Successful cold start-up tests according to targets of U.S. Department of Energy (<30 s to 50% 
power)[51] carried out in a stack by using a conventional start-up procedure (drying with N2 before 
freezing) have shown 80-120 mA cm-2 as starting current density (not shown in this paper). The 
values with the antifreeze are clearly lower than those obtained without using the antifreeze, but 
they are still of the same order of magnitude. Therefore it is not clear from today's point of view 
what start-up time can be achieved with the antifreeze in the stack. 
 
4. CONCLUSIONS 
In this work a methanol-water solution is investigated as antifreeze for polymer electrolyte 
membrane fuel cell at the single cell level; a methanol concentration of 40 vol% was selected to allow 
freezing down to -30°C required by automotive fuel cells. The results clearly show that using the 
antifreeze during freeze-thaw cycling strongly reduces performance degradation as compared to 
freeze-thaw cycling tests without using antifreeze or conditioning by purging the cell with dry gases 
before freezing. Specifically, performance degradation up to current densities of 1.4 A cm-2 (peak 
performance) is fully eliminated by the antifreeze. Moreover cold start after using the antifreeze was 




temperatures which is not possible without the antifreeze due to freezing of product water and 
blockage of gas supply. Residual methanol, on the other hand, reduces cell performance at T > 0°C 
due to mixed cathode potentials. Therefore, the capability of the antifreeze to be suitable to perform 
a realistic cold start needs to be tested at the stack level.    
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